Succinate is an interesting chemical for industries producing food and pharmaceutical products, surfactants, detergents and biodegradable plastics. Succinate is produced mainly by a mixed-acid fermentation process using anaerobically growing bacteria. However, succinate excretion is also widespread among fungi. In this article we report results on the intracellular concentration and the excretion of succinate by Penicillium simplicissimum under aerobic and anaerobic conditions. The intracellular concentration of succinate increased slightly with the specific growth rate and strongly if the respiratory chain was inhibited by sodium azide or anaerobic conditions (N 2 ). A strong increase of succinate excretion was observed if the respiratory chain was inhibited. It is suggested that succinate synthesis under functional (sodium azide) or environmental (N 2 ) anaerobic conditions occurs via the reductive part of the tricarboxylic acid cycle. Succinate is then excreted because the oxidative part of the tricarboxylic acid cycle is inactive. A possible role of succinate synthesis in the regeneration of NAD ('fumarate respiration') is discussed. ß
Introduction
Succinate is an interesting chemical for industries producing food and pharmaceutical products, surfactants, detergents and biodegradable plastics [1, 2] . Succinate is produced mainly by a mixed-acid fermentation process using anaerobically growing bacteria [1] . However, succinate excretion is also widespread among fungi. Succinate is a byproduct of ethanol fermentation by yeasts [3^5] . Succinate excretion is characteristic of the genus Fusarium as a whole and is also excreted by other ¢lamentous fungi [6] . We came about succinate excretion by the ¢lamentous fungus Penicillium simplicissimum during the investigation of citrate excretion [7] . We observed that succinate was the only tricarboxylic acid (TCA) cycle intermediate whose excretion was strongly stimulated if respiration was inhibited by anaerobic conditions or by addition of sodium azide. Additionally, succinate was the major intracellular organic acid in growing [8] and non-growing [7] hyphae of P. simplicissimum. For these reasons we summarize in this article the results which we have obtained on intracellular and extracellular succinate in P. simplicissimum under aerobic and anaerobic conditions. These results suggest that (i) the intracellular level of succinate responds to both the speci¢c growth rate and the activity of the respiratory chain, and (ii) under anaerobic conditions succinate may be formed via the reductive part of the TCA cycle and excreted with high yield. This could be a starting point for further investigations into succinate excretion by ¢la-mentous fungi with their high metabolic capacity.
Materials and methods
2.1. Organism, inoculum and medium P. simplicissimum, isolated from soil contaminated with heavy metals and identi¢ed by the Centraalbureau voor Schimmelcultures [9] , was grown in a minimal medium (mM) : NH 4 
Chemostat experiments
All chemostat experiments were performed in a Biostat M bioreactor (Braun, Germany) at 30 ‡C, 700^1000 rpm and 1^2 vvm (volume air per volume of fermentation liquid and minute), with a working volume of 1700 ml. The conditions for bioreactor runs were as described previously [10] .
The chemostat was inoculated with 100 ml of a ¢lamen-tous pre-culture and processed in the batch-mode overnight. Then the chemostat-mode was started by switching on the feed and alkali pump. Between four and six generation times were allowed to pass for the culture to reach the steady state. Samples were taken every 1^4 generation times (four samples per steady state). Twenty millilitres from the chemostat culture were ¢ltered through a cellulose^acetate ¢lter (pore size 0.45 Wm). The ¢ltrate was stored at 320 ‡C for further analysis.
Replacement experiments
E¥ux of organic acids from non-growing hyphae was investigated with mycelium from the exponential growth phase (medium with 1 M HEPES). The mycelium was harvested and washed with 200 ml of a 100-ml glucose solution. Five grams of this freshly harvested mycelium were suspended in a beaker containing 200 ml of a solution containing 100 mM glucose, 1 mM NaCl and 0.01 mM KCl. The suspension was stirred in order to maintain an oxygen saturation between 50 and 80%. The pH and the oxygen concentration were measured continuously during the experiment. Samples of 12 ml were taken at di¡erent times and ¢ltered rapidly (nylon net, 20 Wm). The mycelium was washed with 60 ml of cold glucose (100 mM). The biomass was divided into three aliquots and put into polypropylene tubes that were immediately immersed in liquid nitrogen. Both the ¢ltrate and frozen mycelium were stored at 320 ‡C until further treatment.
Analytical methods
The dry weight of the mycelium was determined after drying at 105 ‡C for 24 h. Intermediates of the tricarboxylic acid cycle were extracted as described before [7] . Extracellular and intracellular organic acids were determined by HPLC [11] . An intracellular volume of 1.3 ml (g dry wt.)
31 was used for the calculation of intracellular concentrations [12] . ATP was extracted and measured luminometrically as described by Meraner [13] .
Reproducibility
In the experiments with non-growing hyphae (replacement experiments), results from one representative experiment are shown: at each sampling time, one measurement was carried out to determine the extracellular concentration of organic acids, whereas the intracellular concentration was determined from the extraction of three aliquots of biomass. The experiments with non-growing hyphae were repeated three times and showed similar values of intracellular and extracellular concentrations of organic acids. The results from continuous cultivation are from a single chemostat run.
Results
Both in batch culture and in glucose-as well as ammonium-limited continuous culture the intracellular concentration of succinate was much higher than the concentration of citrate, oxoglutarate, fumarate and malate. In The fungus grew in a ¢lamentous form if not indicated otherwise.
glucose-and ammonium-limited continuous culture intracellular succinate increased with the growth rate ( Fig. 1) .
No intracellular succinate could be detected in hyphae growing in nitrate-limited and phosphate-limited continuous culture (data not shown).
The intracellular succinate concentration in non-growing hyphae was strongly increased if air was replaced with nitrogen or if sodium azide was added (Table 1, Fig. 2 ). Also in nitrogen-limited chemostat culture replacing air by N 2 (which stopped growth) resulted in an increased intracellular succinate concentration (Table 1) .
In growing and non-growing hyphae an increase in intracellular succinate was always accompanied by an increase in succinate excretion (Table 1 , Fig. 3 ). If P. simplicissimum grew in the form of pellets, succinate excretion was also increased ( Table 1 ). The highest succinate excretion rate was measured in non-growing hyphae inhibited by azide (562 Wmol g 31 h 31 ; Table 1 ).
Discussion

Intracellular succinate under aerobic conditions
In glucose-and ammonium-limited continuous culture intracellular succinate increased in parallel with the oxygen consumption (for data concerning the oxygen consumption see [10] ). In other words, intracellular succinate increased in parallel with the activity of the TCA cycle and of the respiratory chain. This suggests that under aerobic conditions succinate is formed via the oxidative part of the TCA cycle. With a low energy status, e.g. during phosphate limitation (limited ATP synthesis) or nitrate limitation (energy consuming nitrate reduction), no intracellular succinate could be detected. Therefore, the value of the intracellular succinate concentration seems to be an indi- Fig. 2 . Intracellular concentrations of ATP and intermediates of the TCA cycle (citrate, succinate, malate, fumarate, oxoglutarate) in P. simplicissimum. Results are from non-growing hyphae, which were suspended in a glucose^KCl solution with (F) and without (E) 5 mM sodium azide. The bars indicate the standard deviation (n = 3). cator for the energy status of the hyphae or, more exactly, for the activity of the TCA cycle and the respiratory chain.
Intra-and extracellular succinate under environmental or functional anaerobiosis
Replacing air by nitrogen or adding sodium azide inhibited the electron £ow through the respiratory chain (no more synthesis of ATP; Fig. 2) . Simultaneously, the intracellular succinate concentration increased (Table 1, Fig. 2 ). An increase in intracellular succinate can be due to two mechanisms: (i) a piling up within the oxidative part of the TCA cycle; (ii) an increased activity of the reductive part of the TCA cycle (Fig. 4) . As the following calculation shows, an increased activity of the reductive part of the TCA cycle is more probable.
In mammalian cells the turnover of the TCA cycle decreases with an increasing NADH/NAD þ ratio [14] . The TCA cycle should stop at the latest, when the whole NAD þ pool is reduced. To estimate this time we used the value for the NAD þ pool of Aspergillus niger [15] and the rate of the oxidation of NADH (calculated from the oxygen consumption of P. simplicissimum: q O2 U2 = NADH oxidation). The result is, that after 1 s the whole NAD þ pool is reduced. Assuming that the turnover of the TCA cycle is maximal during this second, 0.8 mM succinate can be formed. Even if we assume 5 s before the TCA cycle stops, the succinate accumulation is far less than measured after the onset of the respiratory blockade (Table 1) . Accordingly, succinate was most probably formed via the reductive part of the TCA cycle.
To guarantee survival if the respiratory chain is blocked, hyphae should possess a mechanism to oxidize NADH under anaerobic conditions. Although ethanol formation is also found with ¢lamentous fungi [16] (but we found no ethanol excretion with P. simplicissimum), the reduction of fumarate to succinate could also serve this purpose [5, 17] . Such a fumarate respiration was described for bacteria (Escherichia coli [17] ) and mammalian cells [18] . If we consider a fumarate respiration in P. simplicissimum, we must assume that the succinate dehydrogenase can act as a fumarate reductase and that this enzyme accepts NADH as a cofactor.
A strong increase of succinate excretion was always related to environmental or functional anaerobiosis. In this context it is interesting that a well aerated suspension of pellets of P. simplicissimum excreted succinate, whereas ¢lamentous mycelium did not. This could indicate anaerobic conditions in the core of the pellets.
A striking observation was the di¡erent behaviour of citrate and succinate. If the respiratory chain was blocked, the intracellular concentration of both acids increased. In contrast, only the excretion of succinate increased, but not that of citrate (Table 1 ). This could be interpreted in terms of a di¡erent transport mechanism or a di¡erent subcellular compartmentation.
Succinate excretion by P. simplicissimum is di¡erent from succinate excretion by Saccharomyces cerevisiae in two respects. First, succinate excretion is not coupled to ethanol formation in P. simplicissimum. And second, a depolarization of the plasma membrane (which is brought about by azide and nitrogen in ¢lamentous fungi) [19] does not inhibit succinate excretion as is the case with S. cerevisiae [20] .
